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Mammary epithelial cells undergo changes in growth, invasion, and differentiation throughout much of adult-
hood, and most strikingly during pregnancy, lactation, and involution. Although the pathways of milk protein ex-
pression are being elucidated, little is known, at a molecular level, about control of mammary epithelial cell
phenotypes during normal tissue morphogenesis and evolution of aggressive breast cancer. We developed a
murine mammary epithelial cell line, SCp2, that arrests growth and functionally differentiates in response to
a basement membrane and lactogenic hormones. In these cells, expression of Id-1, an inhibitor of basic
helix-loop-helix transcription factors, declines prior to differentiation, and constitutive Id-1 expression blocks
differentiation. Here, we show that SCp2 cells that constitutively express Id-1 slowly invade the basement
membrane but remain anchorage dependent for growth and do not form tumors in nude mice. Cells expressing
Id-1 secreted a ;120-kDa gelatinase. From inhibitor studies, this gelatinase appeared to be a metalloprotein-
ase, and it was the only metalloproteinase detectable in conditioned medium from these cells. A nontoxic
inhibitor diminished the activity of this metalloproteinase in vitro and repressed the invasive phenotype of
Id-1-expressing cells in culture. The implications of these findings for normal mammary-gland development
and human breast cancer were investigated. A gelatinase of ;120 kDa was expressed by the mammary gland
during involution, a time when Id-1 expression is high and there is extensive tissue remodeling. Moreover, high
levels of Id-1 expression and the activity of a ;120-kDa gelatinase correlated with a less-differentiated and
more-aggressive phenotype in human breast cancer cells. We suggest that Id-1 controls invasion by normal and
neoplastic mammary epithelial cells, primarily through induction of a ;120-kDa gelatinase. This Id-1-
regulated invasive phenotype could contribute to involution of the mammary gland and possibly to the
development of invasive breast cancer.

The epithelial cells of the mammary gland undergo coordi-
nate changes in growth, differentiation, and invasion of the
surrounding ECM during embryonic development and puber-
ty, and throughout much of adulthood during each menstrual
cycle. Particularly striking changes occur during pregnancy,
lactation, and involution. The molecular mechanisms that con-
trol the growth and functional differentiation of mammary
epithelial cells are slowly being elucidated, but far less is known
about the transient invasive behavior of normal breast epithe-
lial cells.

Normal breast epithelial cells proliferate and invade the
surrounding ECM during the fetal and postnatal development
of the gland, and then more vigorously at puberty as the
branches of the mammary epithelial tree are formed. After
puberty, there are minor waves of mammary epithelial-cell
proliferation during each estrous cycle (16, 46). The most strik-
ing activity of mammary epithelial-cell proliferation and inva-
sion occurs during pregnancy, as the gland expands in prepa-

ration for lactation (45). The proliferation and invasion of
breast epithelial cells cease during late pregnancy, whereupon
the cells functionally differentiate—that is, they express and
secrete milk proteins (44). The epithelial cells remain prolif-
eratively quiescent and functionally differentiated throughout
lactation. At the end of lactation, the mammary gland under-
goes involution, during which time there is an early and tran-
sient reactivation of epithelial-cell proliferation, followed by
extensive ECM degradation and epithelial-cell death by apo-
ptosis. The extensive remodeling of the mammary gland that
occurs during involution entails the stepwise activation of sev-
eral MMPs by the stromal and epithelial cells of the gland (29,
41). The involuting gland eventually returns to its prepreg-
nancy structure.

Invasion of the ECM by normal epithelial cells must be
tightly regulated and self-limiting. This control is clearly im-
portant for the mammary gland to develop and function nor-
mally. Control over normal invasive properties is also impor-
tant in order to prevent neoplastic cells from invading the
surrounding ECM. Most cancers develop from epithelial cells,
and a hallmark of malignancy is invasion of the ECM by neo-
plastic epithelial cells (38). In many experimental models of
tumorigenesis, an invasive phenotype develops subsequent to
neoplasia and often entails expression of ECM-degrading en-
zymes commonly expressed by mesenchymal or stromal cells.
These enzymes include the MMPs stromelysin and the 72- and
92-kDa collagenases (19, 48). It is not clear whether tumor
cells express these MMPs because they are normally expressed
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when epithelial cells transiently invade the ECM during nor-
mal tissue morphogenesis or because they frequently acquire
mesenchymal characteristics upon transformation. It was re-
cently shown by in situ hybridization that these MMPs are
expressed by stromal fibroblasts during certain stages of ductal
and alveolar mammary morphogenesis as well as during invo-
lution (29, 49).

In order to study normal and abnormal mammary epithelial-
cell phenotypes, we developed a murine mammary epithelial-
cell line, SCp2, whose growth and differentiation can be con-
trolled in culture (8). SCp2 cells are an immortal line that
originated from a heterogeneous cell population derived from
a midpregnancy mouse mammary gland (7, 37). SCp2 cells
grow well in serum on tissue culture plastic, where they express
keratins and exhibit other epithelial characteristics. When se-
rum is removed and they are given lactogenic hormones (in-
sulin, prolactin, and hydrocortisone) and basement membrane
components, SCp2 cells first arrest growth, then aggregate and
form alveolar structures, and finally express high levels of sev-
eral milk proteins (8, 36).

We have shown that the differentiation of SCp2 cells re-
quires a sharp decline in the expression of the HLH protein
Id-1 (9). Id genes encode a small family of proteins that pre-
vent bHLH transcription factors from binding DNA (4).
bHLH transcription factors comprise a large family of se-
quence-specific DNA binding proteins that activate the tran-
scription of cell- and tissue-specific genes. bHLH proteins act
as obligate dimers: they dimerize through the HLH domains
and bind DNA through the composite basic domain. Id pro-
teins contain HLH domains and therefore dimerize with
bHLH proteins. However, because Id proteins lack basic do-
mains, Id-bHLH heterodimers cannot bind DNA. Thus, Id
proteins negatively regulate bHLH transcription factors. The
bHLH superfamily contains both ubiquitous and lineage-spe-
cific transcription factors that direct many developmental and
differentiation processes (20). Two of the four known Id pro-
teins (Id-1 and Id-3) are nearly ubiquitously expressed, where-
as the other two Id proteins (Id-2 and Id-4) have a more
restricted pattern of expression (35). Thus, lineage-specific dif-
ferentiation is determined by tissue-specific bHLH genes, which,
in turn, are posttranslationally regulated by a small number of
Id genes. Whether and how bHLH proteins participate in the
differentiation of breast epithelial cells is not yet known.

Id-1 was the first Id protein to be identified (4). Since its
initial discovery in myoblasts, it has been shown to be ex-
pressed by a variety of cell types and to inhibit the differenti-
ation of myoblasts (18), several hematopoietic cell types (23,
26, 40), trophoblasts (6), and mammary epithelial cells (9). Id-1
was also found to be serum inducible in fibroblasts, where its
expression is essential for progression into the S phase of the
cell cycle (14). In contrast to the closely related Id-2 protein,
Id-1 does not physically associate with the retinoblastoma tu-
mor suppressor protein pRb (15, 17) but can functionally in-
teract with a pRb-regulated pathway for entry into S phase
(15).

Id-1 expression declines rapidly when SCp2 cells are induced
to differentiate. As long as the cells remain in contact with a
basement membrane and lactogenic hormones, Id-1 remains
repressed and the cells do not proliferate, but they express milk
proteins. By contrast, SCp2 cells that constitutively express
Id-1 fail to differentiate, as judged by the expression of milk
proteins, but nonetheless transiently arrest growth and form
loose alveolar structures. After several days, cells that consti-
tutively express Id-1 dissociate from each other and subse-
quently resume growth (9).

Here, we show that Id-1 expression confers upon SCp2 cells

the ability to migrate and invade the basement membrane.
However, cells that constitutively express Id-1 neither grow in
soft agar nor form tumors in nude mice. Id-1 expression cor-
relates strongly with expression of an apparently novel gelati-
nase of approximately 120 kDa, an MMP, which is also ex-
pressed during involution. The activity of this MMP was critical
for the Id-1-regulated invasive phenotype. We also show that
Id-1 expression correlates with the degree of differentiation
and invasiveness of human breast cancer cells. The least-dif-
ferentiated and most highly invasive cells express constitutively
high levels of Id-1 and also secrete a 120-kDa gelatinase. Our
results suggest that Id-1 is a regulator of the invasive pheno-
type of normal and neoplastic mammary epithelial cells and
that it acts, at least in part, by controlling expression of a
120-kDa gelatinase. The invasive phenotype conferred by Id-1
is not a consequence of tumorigenic transformation, although
it may be appropriated in a subset of aggressive breast cancers.
Our data provide new insights into the control of breast epi-
thelial-cell invasion and suggest that one or more bHLH tran-
scription factors may repress the invasive phenotype in normal
as well as neoplastic breast epithelial cells.

MATERIALS AND METHODS

Abbreviations. AEBSF, 4-(2-aminoethyl)-benzenesulfonyl fluoride; bHLH,
basic helix-loop-helix; BSA, bovine serum albumin; DAPI, 49,69-diamidino-2-
phenylindole; DMEM, Dulbecco’s modified Eagle’s medium; DMSO, dimethyl
sulfoxide; EHS, Englebreth Holm Swarm tumor; ECM, extracellular matrix; F12,
Ham’s F-12 medium; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; HLH, helix-loop-helix; MMP, matrix metalloproteinase;
PBS, phosphate-buffered saline; PMSF, phenylmethylsulfonyl fluoride; RT-PCR,
reverse transcription-PCR.

Cell culture. SCp2 cells were grown in a 1:1 mixture of DMEM and F12
(DMEM-F12) containing 5% heat-inactivated FBS, insulin (5 mg/ml), and gen-
tamicin (50 mg/ml) (growth medium) at 37°C in a humidified 5% CO2 atmo-
sphere, as previously described (8). To induce differentiation, cells were plated at
5 3 104/cm2 atop basement membrane components in DMEM-F12 lacking
serum but containing lactogenic hormones (insulin, 5 mg/ml; hydrocortisone,
1 mg/ml; prolactin, 3 mg/ml) (9). Unless otherwise indicated, cells were cultured
for 5 days before analysis. Basement membrane ECM either was purified from
EHS tumors by the method of Taub et al. (42) or was supplied as Matrigel from
Collaborative Research.

SCp2 cells were transfected with the murine Id-1 cDNA driven by the mouse
mammary tumor virus promoter as previously described (9). The transfected
cells were initially pooled. Single cell-derived clones were subsequently derived
by plating cells at limiting dilutions in 24-well plates. After 10 days, wells with
visible colonies were trypsinized and replated onto 35-mm-diameter dishes.
When nearly confluent, the cells were replated onto 100-mm-diameter dishes.
The population was expanded by subculturing at a ratio of 1:4, and cells were
used after 5 to 8 passages after the first 1:4 subculture.

The human breast cancer cell lines T47D, MCF-7, Hs578T, BT-549, MDA-
MB-231, ZR75-1, and SKBR-3 were purchased from the American Type Culture
Collection. The MDA-MB-436 cell line was originally purchased from the Amer-
ican Type Culture Collection and was given to us by R. Lupu (Berkeley National
Laboratory). MDA-MB-435 cells were derived from the original cell line by
selection in nude mice for the highly aggressive subpopulation (37a). Cells were
passaged in DMEM containing 10% FBS and insulin (5 mg/ml; Sigma). For
serum-free conditions, FBS was omitted from the medium.

DNA synthesis and autoradiography. Cells plated on coverslips were labeled
with [3H]methylthymidine (10 mCi/ml; 60 to 70 Ci/mmol) for 24 h, washed twice
with PBS, then fixed for 5 min with a 1:1 (vol/vol) mixture of acetone and
methanol at 220°C. Where indicated, cell nuclei were stained for 2 min with
DAPI diluted 1:10,000 in PBS. The coverslips were air dried, coated with Kodak
NTB2 emulsion (1:2 dilution), and exposed for 16 to 24 h. The coverslips were
developed with D-19, fixed with Kodak Rapid-Fix, and viewed by phase-contrast
microscopy.

Boyden chamber invasion assays. Invasion assays were performed in modified
Boyden chambers with 8-mm-pore-size filter inserts for 24-well plates (Collabo-
rative Research). Filters were coated with 10 to 12 ml of ice-cold basement
membrane ECM at 8 to 12 mg of protein/ml. Cells (0.5 3 105 to 1 3 105) were
added to the upper chamber in 200 ml of DMEM-F12. The lower chamber was
filled with 300 ml of NIH 3T3 cell-conditioned medium. Where indicated,
GM6001 was added at 0.2 mM to both chambers immediately after cell plating.
After a 16- to 20-h incubation, the cells were fixed with 2.5% glutaraldehyde in
PBS and stained with 0.5% toluidine blue in 2% Na2CO3. Cells that remained in
the basement membrane or attached to the upper side of the filter were removed
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with paper towels. Cells on the lower side of the filter were examined by light
microscopy and counted.

Anchorage-dependent growth assays. Liquefied 2% agarose was mixed with an
equal volume of 23 DMEM-F12 growth medium lacking serum and supple-
mented with insulin (10 mg/ml) and gentamicin (100 mg/ml) (23 medium). One
milliliter of the mixture was layered onto 35-mm-diameter dishes to create a 1%
agarose base. Liquefied 0.6% agarose was mixed with an equal volume of 23
medium, and 10 ml of this solution was mixed with 1 ml of growth medium
containing 105 cells to yield 104 cells/ml in 0.27% agarose; 1 ml of this cell
suspension was layered on top of the 1% agarose base, and 1 ml of DMEM-F12
containing 5% FBS was added. The cells were incubated for 14 days, after which
representative fields were photographed under phase-contrast microscopy.

Tumorigenicity assays. Cells were injected subcutaneously into nude mice at
4 3 106 cells per site, two sites per animal, and two animals for each cell type
(TCL1, SCg6, SCp2, SCp2–antisense Id-1, and SCp2–Id-1). Animals injected
with TCL1 and SCg6 cells developed easily detectable tumors (at least 1 cm3)
within 3 weeks and were sacrificed after 4 weeks. The remaining animals re-
mained tumor negative for a minimum of 5 months.

Immunofluorescence. Cells cultured on coverslips were washed with PBS, fixed
for 5 min with acetone-methanol (1:1, vol/vol) at 220°C, permeabilized for 5 min
with 1% Triton X-100 in PBS, and washed with PBS. A rabbit polyclonal anti-
serum raised against bovine keratins (Dako, Carpinteria, Calif.) was diluted 1:10
in 0.2% BSA in PBS and applied for 60 min at 37°C, followed by three washes
in PBS. The coverslips were then incubated with biotin-conjugated anti-rabbit
antibody (1:100 dilution; Amersham Corp.) for 30 min at 37°C and were washed
three times in PBS. Finally, the coverslips were incubated with fluorescein iso-
thiocyanate-conjugated streptavidin (1:100 dilution; Amersham Corp.) for 30
min at 37°C and were washed in PBS. Cell nuclei were stained with DAPI, as
described above, and the coverslips were mounted in glycerol-gelatin (Sigma) for
viewing by epifluorescence.

RNA isolation and analysis. Total cellular RNA was isolated and purified as
described by Chomczynski and Sacchi (5). The RNA (10 mg) was size fraction-
ated by electrophoresis through formaldehyde-agarose gels and transferred to a
nylon membrane (Hybond N from Amersham Corp.). The membrane was hy-
bridized to 32P-labeled probes prepared by random oligonucleotide priming,
washed, and exposed to XAR-5 film for autoradiography as described by Ma-
niatis et al. (31). The b-casein probe was the 540-bp mouse cDNA (from J.
Rosen, Baylor College of Medicine, Houston, Tex.), and the Id-1 probe was
either the murine Id-1 cDNA (4) or the human Id-1 cDNA (14).

RT-PCR and Southern analysis. Transcripts for murine gelatinases A (72-kDa
MMP) and B (92-kDa MMP) were detected by RT-PCR. cDNA was synthesized
from total RNA by using SuperscriptII Reverse TranscriptaseII (Gibco-BRL),
and 100 ng was used for PCR. The 59 and 39 PCR primers were TTGAGAAG
GATGGCAAGTATGG and ACACCTTGCCATCGTTGC for gelatinase A,
GGCGTGTCTGGAGATTCGA and AGGGTCCACCTTGGTCACC for gela-
tinase B, and ACCACAGTCCATGCCATCAC and TCCACCACCCTGTTGC
TGTA for GAPDH. PCR was performed in 20 mM Tris-HCl (pH 8.8)–2 mM
MgSO4–10 mM KCl–10 mM (NH4)2SO4–0.1% Triton X-100–100 mg of BSA/
ml–0.125 mM deoxynucleoside triphosphates–0.8 mM each PCR primer–0.05 U
of Pfu DNA polymerase/ml by using 35 cycles for amplification of gelatinase
cDNAs and 25 cycles for amplification of GAPDH cDNA. The cycle conditions
were 1 min of denaturation at 94°C, 1 min of annealing at 58°C, and 30 s of
extension at 72°C. For Southern analysis, one-fifth of the PCR reaction product
was separated on a 2.1% agarose gel, transferred to a nylon membrane (Hybond
N1), and hybridized with cDNA inserts labeled with 32P by random priming.
cDNAs encoding murine gelatinase A or B (33, 34) were a gift from Z. Werb,
University of California, San Francisco, and the GAPDH cDNA was obtained
from Clontech (Palo Alto, Calif.). Hybridization was carried out in 53 SSC (13
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 53 Denhardt’s solution, 0.5%
sodium dodecyl sulfate, and 50% formamide at 42°C overnight. The membranes
were washed at a final stringency of 0.23 SSC and 0.1% sodium dodecyl sulfate
at 68°C and were exposed to XAR-5 film for autoradiography.

Zymography. Proliferating cells (106 in 100-mm-diameter dishes) were shifted
to serum-free medium for 2 to 3 days, after which they were given 10 ml of fresh
serum-free medium. Forty-eight hours later, the conditioned medium was col-
lected and concentrated 10- to 15-fold by using 10-kDa-cutoff filters (Millipore,
Bedford, Mass.). The concentrated medium was analyzed on casein and gelatin
substrate gels, as described by Fisher and Werb (10) and Talhouk et al. (41).
Briefly, gels consisted of 8 to 10% polyacrylamide and 3 mg of a-casein or gelatin
(Sigma)/ml. Concentrated conditioned medium was mixed with nonreducing
Laemmli sample buffer and incubated at 37°C for 15 min. After electrophoresis,
the gels were incubated for 1 h in 2.5% Triton X-100 at room temperature,
followed by 24 to 48 h in substrate buffer (100 mM Tris-HCl [pH 7.4]–15 mM
CaCl2) in the absence or presence of GM6001 (0.2 mM in DMSO; supplied by
Glycomed Corporation and obtained from Z. Werb [12]), EDTA (10 mM),
ortho-phenanthroline (1 mM in DMSO; Sigma), PMSF (5 mM), or AEBSF (0.5
mM; Calbiochem). Where appropriate, control gels were incubated with buffer
containing solvent only. The gels were stained with Coomassie blue for 30 min
and were destained with 30% methanol–10% acetic acid. Caseinase and gelati-
nase activities were visible as clear bands, indicative of proteolysis of the sub-
strate protein.

RESULTS

Id-1 induces an invasive, migratory phenotype in mammary
epithelial cells. SCp2 mammary epithelial cells grow as a
monolayer in 5% serum. When given lactogenic hormones and
basement membrane ECM in serum-free medium, they arrest
growth, form three-dimensional alveolar structures, and ex-
press the milk protein b-casein (8). Alveoli formed by SCp2
cells are stable, maintaining their structure and b-casein ex-
pression for more than 2 weeks. Under these conditions, Id-1
is not expressed. By contrast, SCp2 cells that constitutively
express Id-1 form poorly compacted alveoli that become in-
creasingly disorganized; after 6 to 8 days, cells at the periphery
detach from the structure and synthesize DNA (9).

Using a pooled population of SCp2 cells that constitutively
express a murine Id-1 transgene (SCp2–Id-1 cells) (9), we
more precisely monitored the fate of cells that detached from
the alveolar structure. Within 10 days, approximately 30 to
40% of the SCp2–Id-1 alveolar structures showed substantial
disintegration. Following detachment from the alveolar struc-
ture, SCp2–Id-1 cells actively invaded and migrated through
the surrounding ECM (Fig. 1). The migrating cells had an
elongated nuclear morphology, compared to the rounded nu-
clei of cells in the early stages of disaggregation. Initial detach-
ment and invasion occurred in the absence of cell proliferation
(Fig. 1A). However, 2 to 4 days after initial detachment, SCp2–
Id-1 cells that had migrated extensively through the ECM were
abundant, and many of these cells synthesized DNA (Fig. 1B to
D). For the most part, DNA synthesis was evident only in cells
that had migrated some distance from the alveolar structure.
Thus, the initiation of invasion and migration was not due to
resumption of growth; rather, cells resumed proliferation only
after they had detached and migrated from the three-dimen-
sional structure. As previously described (9), spheres com-
prised of control cells transfected with the vector alone were
very stable, remaining viable and morphologically unchanged
even after more than 10 days on basement membrane ECM.

To quantify the invasion and migration of SCp2–Id-1 cells,
they and control cells were assayed in Boyden chambers (2).
Cells were added to the upper portion of the chamber; condi-
tioned medium from mouse fibroblasts, used as a source of
chemoattractants (2), was added to the lower compartment.
The porous filter separating the two compartments was coated
with basement membrane ECM. After a 16- to 20-h incuba-
tion, cells that had migrated through the ECM to the lower
surface of the filter were fixed, stained, and counted (Fig. 2).
The 16- to 20-h incubation time ensured that only a small
fraction of invasive cells migrated through the filter, which in
turn ensured that the fraction of migratory cells was small
enough to score reliably.

Four types of cells were compared in this assay: (i) parental
SCp2 cells, (ii) SCp2 cells transfected with an insertless vector,
(iii) SCp2–Id-1 cells, and (iv) SCp2 cells transfected with the
Id-1 cDNA in the antisense orientation. Of these cell types,
only SCp2–Id-1 cells were invasive. Under these assay condi-
tions, none of the control (parental or insertless-vector) cells
and none of the cells expressing antisense Id-1 migrated
through the filter. By contrast, 0.7 to 1% of a population of one
of the most invasive breast cancer cell lines (MDA-MB-231,
previously described [43]) migrated through the filter, although
only about 0.05% of the SCg6-transformed cells, which were
previously shown to be invasive (28), migrated through the
ECM to the lower surface of the filter (data not shown). In the
case of the SCp2–Id-1 cells, 0.2 to 0.3% migrated through the
filter. Thus, SCp2–Id-1 cells, which were transfected with a
single gene, were 20 to 30% as invasive as one of the most
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aggressive breast cancer cell lines (which harbors multiple mu-
tations) and four- to sixfold more invasive than their SCg6-
transformed counterparts.

We conclude that constitutive expression of the Id-1 gene
can induce an invasive and migratory phenotype in nontrans-
formed and nontumorigenic SCp2 mammary epithelial cells.

Constitutive Id-1 expression is not sufficient for anchorage-
independent growth or tumorigenicity. In many model systems
of malignant transformation, unregulated expression of normal
or activated proto-oncogenes drives cell proliferation, and in-
vasiveness often develops subsequent to, or concomitant with,
tumorigenicity. Although Id-1 did not appear in this regard to
act like a typical oncogene, we nonetheless asked whether
constitutive Id-1 expression transformed SCp2 cells, using the
criteria of anchorage-independent growth and tumorigenicity
in nude mice.

We first tested the ability of the cells to grow in an anchor-
age-independent manner. As expected, control cells and cells
transfected with Id-1 in the antisense orientation failed to grow
in soft agar (Fig. 3A and C). Similarly, SCp2–Id-1 cells failed to
form colonies in soft agar, remaining as single cells for at least
14 days (Fig. 3B). It is interesting that, in soft agar, SCp2–Id-1
cells appeared twice as large as control cells; the reason for this
size increase is not known. Malignant TCL1 cells (isolated
from a murine mammary tumor [28]), used as a positive con-
trol, formed large colonies after 14 days in soft agar (Fig. 3D).
We conclude that constitutive expression of Id-1 does not

FIG. 1. Instability of the three-dimensional organization and loss of growth arrest of SCp2–Id-1 cells. A pooled population of SCp2–Id-1 cells was induced to
differentiate for 8 (A), 10 (B), or 12 (C and D) days, [3H]thymidine was added for 24 h preceding fixation, and the cells were then stained with DAPI and processed
for autoradiography as described in Materials and Methods. Shown are the DAPI fluorescence and autoradiography. Depending on the batch of EHS ECM or Matrigel,
disaggregation of the three-dimensional structures and resumption of DNA synthesis occurred 1 to 2 days earlier or later than in the experiments for which results are
shown here. Magnification, 3300.

FIG. 2. SCp2–Id-1 cells invade the ECM and migrate in a Boyden chamber.
Parental SCp2 cells (lane 1), SCp2 cells transfected with an insertless vector (lane
2), SCp2–Id-1 cells (lane 3), and SCp2 cells transfected with Id-1 in the antisense
orientation (lane 4) were plated on ECM-coated filters in Boyden chambers; the
number of cells that migrated through the filter after 16 to 20 h was determined
as described in Materials and Methods. Error bars indicate standard deviations
from three or four independent fields. The data shown are from one of five
independent experiments which showed very similar differences among the cell
types.
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induce anchorage-independent growth in SCp2 mammary ep-
ithelial cells.

We next tested SCp2–Id-1 cells for their ability to form tu-
mors. Cells were injected subcutaneously into nude mice. The
positive control, TCL1 cells, formed tumors (at least 1 cm3)
within 3 weeks (Table 1). The same was true for SCg6, a cell
line with mesenchymal and transformed properties that was
isolated from the same population from which SCp2 cells were
isolated (8) (Table 1). By contrast, neither parental SCp2 cells,
SCp2 cells expressing the Id-1 antisense cDNA, nor SCp2–Id-1
cells formed tumors after 5 months (Table 1).

We conclude that constitutive Id-1 expression in SCp2 mam-
mary epithelial cells is not sufficient to lead to the transformed
phenotypes of anchorage-independent growth in culture and in
vivo, despite its ability to induce an invasive phenotype.

Isolation and characterization of cloned SCp2–Id-1 cells.
The experiments described thus far used a pooled population
of SCp2–Id-1 cells, which is heterogeneous with respect to Id-1
expression. To eliminate this heterogeneity and better define
the role of Id-1 in inducing an invasive phenotype, we isolated
single-cell-derived SCp2–Id-1 clones that expressed the Id-1
transgene to varying levels. The clones were assessed for cyto-
keratin filaments (a general characteristic of epithelial cells),
morphology in monolayer culture, and ability to form alveolar
structures in response to basement membrane ECM. In addi-
tion, RNA was isolated 5 days after the cells were exposed to
basement membrane and hormones and was analyzed for Id-1
and b-casein mRNA. The Id-1 transgene mRNA was distin-

guishable from the endogenous Id-1 mRNA by its slightly larg-
er size; the endogenous transcript was barely detectable under
these conditions (9).

One subclone, SCp2–Id-1A cells, did not express detectable
Id-1 transgene mRNA (Fig. 4a, lane 1). These cells grew as
compact colonies in monolayer culture and expressed cytoker-
atin filaments (Fig. 4b, panel B). They also differentiated sim-
ilarly to untransfected SCp2 cells, as judged by their ability to
express high levels of b-casein mRNA (Fig. 4a, lane 1) and
form stable alveolar structures (data not shown), like untrans-
fected SCp2 cells. These cells were therefore used as negative
controls.

SCp2–Id-1B and SCp2–Id-1C cells expressed moderate lev-
els of the Id-1 transgene, which were below the levels of Id-1

FIG. 3. SCp2–Id-1 cells do not grow in an anchorage-independent manner. Parental SCp2 cells (A), SCp2–Id-1 cells (B), SCp2 cells expressing an Id-1 antisense
vector (C), and TCL1 mammary tumor cells (D) were seeded in soft agar as described in Materials and Methods and photographed 14 days later. Magnification, 350.

TABLE 1. SCp2–Id-1 cells are not tumorigenica

Cell type No. of tumors/no. of
sites injected (time)

TCL1............................................................................... 4/4 (after 3 wk)
SCg6................................................................................ 4/4 (after 3 wk)
SCp2................................................................................ 0/4 (after 5 mo)
SCp2–antisense Id-1 ..................................................... 0/4 (after 5 mo)
SCp2–Id-1....................................................................... 0/4 (after 5 mo)

a Cells (4 3 106 per site) were injected into two sites per animal, and two
animals were used for each cell type, as described in Materials and Methods. The
tumors that developed were at least 1 cm3.
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mRNA expressed by proliferating control cells. These cells
expressed lower levels of b-casein mRNA than SCp2–Id-1A
cells (Fig. 4a, lanes 2 and 3), but they expressed cytokeratin
filaments and formed alveolar structures (data not shown).

Finally, SCp2–Id-1D and SCp2–Id-1E cells expressed high
levels of the Id-1 transgene and undetectable levels of b-casein
(Fig. 4a, lanes 4 and 5). In monolayer culture, SCp2–Id-1E
cells were less cuboidal and grew as more-dispersed entities
than SCp2–Id-1A cells (Fig. 4b, panels C and D). Their failure
to express b-casein was not due to a loss of epithelial charac-
teristics. SCp2–Id-1E cells, which expressed the highest levels
of Id-1, as well as SCp2–Id-1D cells (data not shown), ex-
pressed cytokeratin filaments (Fig. 4b, panel D). However,
SCp2–Id-1D and SCp2–Id-1E cells, like the pooled SCp2–Id-1
cells, formed only loose alveolar structures, from which they
eventually detached and invaded the ECM (see Fig. 7) (data
not shown).

These results confirm in cloned populations that mammary
epithelial cells constitutively expressing Id-1 do not undergo a
complete epithelial-to-mesenchymal transition; they retain some
epithelial-cell characteristics (such as keratin expression) but
fail to functionally differentiate and to maintain three-dimen-
sional organization on the ECM. SCp2–Id-1A and SCp2–Id-1E

cells, which express undetectable and high levels of the Id-1
transgene, respectively, were used for further studies.

A potentially novel metalloproteinase is secreted by Id-1-
expressing cells. The ability of SCp2–Id-1 cells to invade the
ECM suggested that Id-1 might induce expression of ECM-
degrading proteases. The major classes of proteases that de-
grade ECM are serine, cysteine, and aspartyl proteases, and
metalloproteinases (10). The Zn21-containing, Ca21-stabilized
MMPs are of particular interest because they are implicated in
the remodeling of the mammary gland during involution (29,
41) and the initial steps of tumor-cell invasion (25). Of the
major MMPs, interstitial collagenase (56 kDa) and gelatinases
A (72 kDa) and B (92 kDa) are detectable on gelatin substrate
gels, whereas stromelysins (57 kDa for stromelysin-1) and ma-
trilysin (30 kDa) are detectable on casein substrate gels (re-
viewed by Fisher and Werb [10]; see also reference 22).

We examined the secretion of proteases by SCp2–Id-1A and
SCp2–Id-1E cells, using conditioned medium and gelatin or
casein substrate gel zymography. Cells were incubated in se-
rum-free medium for 3 days prior to collection of conditioned
medium for zymography. Under these conditions, the endog-
enous Id-1 gene is not expressed (9), and SCp2–Id-1A and

FIG. 4. Characterization of SCp2 cell clones expressing constitutive Id-1. (a) SCp2–Id-1 cells were plated at limiting dilution, and five independent clones
(SCp2–Id-1A through SCp2–Id-1E) were isolated and amplified. Cells from each of these clones were exposed to basement membrane and hormones for 5 days and
were analyzed for expression of the Id-1 transgene and b-casein mRNA, as described in Materials and Methods. Shown are the autoradiogram of the Northern blot
and the ethidium bromide-stained Northern gel made to confirm RNA integrity and quantitation. Lane 1, SCp2–Id-1A; lane 2, SCp2–Id-1B; lane 3, SCp2–Id-1C; lane
4, SCp2–Id-1D; lane 5, SCp2–Id-1E. (b) SCp2–Id-1A (A and B) and SCp2–Id-1E (C and D) cells were grown in monolayer culture, fixed, and stained with DAPI (A
and C) or processed for immunofluorescence by using a pan-keratin antibody (B and D), as described in Materials and Methods.
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SCp2–Id-1E express undetectable and high levels of the Id-1
transgene, respectively.

Gelatin substrate gels showed that SCp2–Id-1A and SCp2–
Id-1E cells differed only in the secretion of a high-molecu-
lar-mass (approximately 120-kDa) gelatinase. The 120-kDa
gelatinase was abundantly expressed by serum-deprived SCp2–
Id-1E cells (Fig. 5A, lane 2) as well as SCp2–Id-1D cells (data
not shown). Secretion of this 120-kDa gelatinase was not due
to clonal variation. Conditioned medium from the uncloned
SCp2–Id-1 pooled population also showed a gelatinase of
;120 kDa (Fig. 5C, lane 2). This gelatinase was undetectable
in serum-deprived SCp2–Id-1A (Fig. 5A, lane 1) and control
SCp2 (Fig. 5C, lane 1) cells. Thus, secretion of a 120-kDa
gelatinase correlated with Id-1 expression.

Secretion of the 120-kDa gelatinase correlated with expres-
sion of the endogenous Id-1 gene as well as with that of the
Id-1 transgene. Thus, the 120-kDa proteinase was secreted by
SCp2–Id-1A cells (in which expression of the Id-1 transgene is
undetectable) while they were proliferating in monolayer cul-
ture (Fig. 5B, lane 2). Under these conditions, the endogenous
Id-1 gene is expressed at high levels (9).

The 120-kDa gelatinase had characteristics of an MMP. It
was sensitive to the MMP inhibitors GM6001 (Fig. 5D, lane 4),
EDTA, and ortho-phenanthroline (data not shown). By con-
trast, it was insensitive to the serine protease inhibitors PMSF
(Fig. 5D, lane 6) and AEBSF (data not shown). The 120-kDa
MMP appeared to be the only MMP secreted by Id-1-express-
ing cells. The two gelatinases with apparent molecular sizes of
70 and 90 kDa, which were expressed by both SCp2–Id-1A and
SCp2–Id-1E cells, were not inhibited by any of the MMP in-
hibitors GM6001 (Fig. 5D, lane 4), ortho-phenanthroline, and
EDTA (data not shown), and therefore neither is likely to be
gelatinase A or B.

Casein substrate gels showed one major caseinase of approx-
imately 50 kDa that was expressed by both SCp2–Id-1A and
SCp2–Id-1E cells. This protease was not inhibited by the me-

talloproteinase inhibitor GM6001 (Fig. 5E). Therefore, it is
most likely not the metalloproteinase stromelysin-1.

To definitively rule out the possibility that gelatinases A and
B were expressed in SCp2 cells, as well as the possibility that
the 120-kDa MMP was a complex between gelatinase B and its
carrier protein (21), we analyzed RNA by PCR and Southern
blotting for gelatinase-A and -B mRNAs. SCp2–Id-1A cells,
which do not express the Id-1 transgene, SCp2–Id-1E cells,
which express high levels of the Id-1 transgene, and the mes-
enchyme-like mammary SCg6 cells were deprived of serum for
3 days before RNA was extracted and synthesized into cDNA
for PCR analysis (Fig. 6). The 326-bp PCR product expected
from the gelatinase-A cDNA and the 190-bp product expected
for the gelatinase-B cDNA were detected only in SCg6 cells
(Fig. 6, lane 3). We conclude that SCp2 cells, whether or not
they express Id-1, do not express gelatinase A or B and that
therefore the 120-kDa gelatinase is not a gelatinase B-contain-
ing complex (21).

We conclude that SCp2 mammary epithelial cells secrete a
single detectable MMP, having an apparent molecular size of
120 kDa, when they express Id-1. This MMP does not belong
to the stromelysin subclass of MMPs, which degrades casein,
but rather is a type IV collagenase MMP family member and
thus degrades gelatin, a denatured collagen.

The Id-1-related MMP is essential for the invasive pheno-
type of SCp2 cells. Because the 120-kDa MMP appears to be
the only proteinase whose secretion correlates with Id-1 ex-
pression, and constitutive Id-1 expression renders cells inva-
sive, we explored the possibility that this MMP is critical for
the invasive phenotype of mammary epithelial cells.

We first tested the abilities of SCp2–Id-1A and SCp2–Id-1E
cells to invade basement membrane ECM in a Boyden cham-
ber invasion assay (Fig. 7). SCp2–Id-1A cells, like untrans-
fected SCp2 cells (Fig. 2), were not invasive, or only minimally
invasive, in this assay (Fig. 7). Under the assay conditions, the
endogenous Id-1 gene is not expressed and SCp2–Id-1A cells

FIG. 5. Expression of a 120-kDa gelatinase by Id-1-expressing mammary epithelial cells. (A) Gelatin zymogram of conditioned media from SCp2–Id-1A (lane 1)
and SCp2–Id-1E (lane 2) cells. Cells were cultured in serum-free medium, and conditioned media were harvested and analyzed on a gelatin substrate gel, as described
in Materials and Methods. (B) Gelatin zymogram of conditioned media from SCp2–Id-1A cells either growth arrested by serum deprivation (lane 1) or growing in 5%
serum (lane 2). (C) Gelatin zymogram of conditioned media from control SCp2 cells (lane 1) and an uncloned SCp2–Id-1-transfected pooled population (lane 2). Cells
were cultured in serum-free medium. (D) Gelatin zymogram of SCp2–Id-1A (lanes 1, 3, and 5) and SCp2–Id-1E (lanes 2, 4, and 6) cell-conditioned media incubated
with DMSO (lanes 1 and 2), the MMP inhibitor GM6001 (0.2 mM in DMSO) (lanes 3 and 4), or the serine proteinase inhibitor PMSF (5 mM in DMSO) (lanes 5 and
6). (E) Casein zymogram of conditioned media from SCp2–Id-1A (lanes 1 and 3) and SCp2–Id-1E (lanes 2 and 4) cells incubated with DMSO (lanes 1 and 2) or
GM6001 (lanes 3 and 4). In panels A through D, arrows mark the positions of the 120-kDa MMP.
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express undetectable levels of the Id-1 transgene. By contrast,
SCp2–Id-1E cells, like uncloned SCp2–Id-1 cells (Fig. 2), were
demonstrably invasive under the same conditions, consistent
with the high levels of the Id-1 transgene expressed by these
cells.

To test the role of the 120-kDa MMP in the invasive phe-
notype induced by Id-1, we used MMP inhibitors in the inva-
sion assay. We first tested the toxicities of two compounds,
GM6001 and phenanthroline. SCp2 cells were treated with
either compound, the solvent (DMSO), or nothing for the
duration of the invasion assays (20 h), and viability was as-

sessed by trypan blue exclusion. There were no differences in
viability among untreated, DMSO-treated, and GM6001-treat-
ed cells (data not shown). By contrast, all the phenanthroline-
treated cells died within 20 h of treatment. We therefore used
GM6001 in the invasion assay. GM6001 reduced the invasive-
ness of SCp2–Id-1E cells about fourfold (Fig. 7, lane 3). Be-
cause the 120-kDa gelatinase is the only detectable MMP ex-
pressed by these cells, this result suggests that much of the
invasive phenotype induced by Id-1 can be attributed to the
120-kDa MMP.

Id-1 and the 120-kDa gelatinase are expressed during mam-
mary gland involution. In studying proteases during mouse
mammary-gland development, Talhouk et al. (41) described a
gelatinase having a molecular size greater than 110 kDa that
was not expressed during lactation (Fig. 8, top panel, lane 1)
but was expressed during the early stages of involution (days 1
and 2 [lanes 2 and 3], declining by day 3 [lane 4]). The identity

FIG. 6. SCp2 cells do not express gelatinase A or B. SCp2 cells were serum
deprived for 3 days before RNA was extracted, transcribed into cDNA, and an-
alyzed by PCR for gelatinase-A and -B cDNA sequences, as described in Mate-
rials and Methods. Arrows indicate the positions of the amplified products for ge-
latinases A and B and the control gene, encoding GAPDH. Lane 1, SCp2–Id-1A
cells; lane 2, SCp2–Id-1E cells; lane 3, SCg6 cells; lane 4, no cDNA control.

FIG. 7. The invasive phenotype of Id-1-expressing cells is repressed by an
MMP inhibitor. SCp2–Id-1A cells in 0.5% DMSO (lane 1), SCp2–Id-1E cells in
0.5% DMSO (lane 2), and SCp2–Id-1E cells in GM6001 (200 mM; 0.5% DMSO)
(lane 3) were plated on ECM-coated filters in Boyden chambers, and the num-
bers of cells that migrated through the membrane after 16 to 20 h were deter-
mined as described in Materials and Methods and the legend to Fig. 2. Error bars
indicate standard deviations from three to four independent fields; the data
shown are from one of three independent experiments.

FIG. 8. Correlation between expression of the 120-kDa gelatinase and Id-1 in
vivo. Cell extracts were prepared from lactating and involuting glands (as de-
scribed by Talhouk et al. [41]) and analyzed by gelatin zymography. In the upper
panel, the arrow marks the position of the 120-kDa gelatinase. RNA was isolated
from mammary glands at the same stages and analyzed on Northern blots for
Id-1 mRNA (middle panel). Lane 1, day 9 of lactation; lanes 2 through 5, days
1, 2, 3, and 4 of involution, respectively. The ethidium bromide-stained gel is
shown in the lower panel to confirm RNA integrity and quantitation.
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or function of this gelatinase was not determined or discussed.
To explore the possibility that this gelatin-degrading protein-
ase may be the 120-kDa MMP expressed by Id-1-expressing
cells, we isolated RNA from lactating and involuting mouse
mammary glands and measured Id-1 expression by Northern
analysis (Fig. 8, lower panels). Id-1 mRNA was undetectable in
the lactating gland (lane 1) but was highly expressed early in
involution (day 1 and 2 [lanes 2 and 3]); Id-1 expression began
to decline by the 3rd day of involution (lane 4). Thus, the
correlation between the expression of Id-1 and a 120-kDa
gelatinase observed in mammary epithelial-cell cultures is also
seen in the intact mammary gland during involution.

Id-1 and 120-kDa gelatinase expression in invasive human
breast cancer cells. Our finding that ectopic Id-1 expression
induced a 120-kDa gelatinase and an invasive phenotype in
mouse mammary epithelial cells suggested that Id-1 and its as-
sociated gelatinase could, at least in some instances, contribute
to human breast cancer progression. To begin to explore this
possibility, we examined human breast cancer cell lines exhib-
iting varying degrees of invasiveness in culture and in vivo.

We examined four differentiated, essentially noninvasive
breast cancer cell lines, T47D, MCF-7, ZR75-1, and SKBR-3
(43), and five poorly differentiated and invasive cell lines,
Hs578T, BT-549, MDA-MB-231, MDA-MB-436, and MDA-
MB-435 (27, 30, 43, 50) (Fig. 9). These cell lines have been
evaluated for invasiveness in culture, by using the Boyden
chamber assay (2), and in vivo, by using metastatic tumor
formation in nude mice (43). By both assays (under serum-free
and/or estrogen-free conditions), T47D, MCF-7, ZR75-1, and
SKBR-3 cells were noninvasive. By contrast, Hs578T, BT-549,
and particularly MDA-MB-231, MDA-MB-436, and MDA-
MB-435 cells were highly invasive by both assays. We con-
firmed the reported invasive potentials of these cells, using the
Boyden chamber assay (data not shown).

When cells were cultured in serum-free medium for 2 days,
Id-1 mRNA was undetectable in the noninvasive T47D, MCF-
7, ZR75-1, and SKBR-3 cells (Fig. 9, lanes 1, 2, 6, and 7) but
was easily detectable in the highly invasive MDA-MB-231,
MDA-MB-436, and MDA-MB-435 cells (Fig. 9, lanes 5, 8, and
9). Of the other invasive cells, Hs578T expressed low levels of
Id-1 mRNA (Fig. 9, lane 3), whereas Id-1 mRNA was unde-
tectable in BT-549 (Fig. 9, lane 4). Thus, the invasive potential
of the human breast cancer cell lines MDA-MB-231, MDA-
MB-436, MDA-MB-435, and, to a lesser extent, Hs578T could,
at least in part, derive from unregulated expression of Id-1 and
its associated 120-kDa gelatinase.

Consistent with this idea, a 120-kDa gelatinase was detected
in conditioned media from the invasive cells that expressed
Id-1 (Hs578T, MDA-MB-231, MDA-MB-436, and MDA-MB-
435; Fig. 10, lanes 3, 5, 8, and 9, respectively). This gelatinase
was not detected in conditioned media from the noninvasive
cell lines T47D, MCF-7, ZR75-1, and SKBR-3 (Fig. 10, lanes
1, 2, 6, and 7) or from the invasive cell line that did not express
Id-1 (BT-549; Fig. 10, lane 4). The 120-kDa gelatinase ex-
pressed by the human breast cancer cells comigrated with the
120-kDa gelatinase expressed by Id-1-transfected SCp2 cells
(Fig. 10, lane C). As previously reported (1), the 72- and/or
92-kDa gelatinases were detected in most of these human cell
lines, whether or not they were invasive. Despite the secretion
of these gelatinases by the cells, only the 120-kDa gelatinase-
expressing cells were invasive in the Boyden chamber invasion
assay (reference 43 and data not shown). The exception was
the invasive BT-549 cell line, which neither expressed Id-1
mRNA nor secreted the 120-kDa gelatinase. BT-549 cells ex-
press many MMPs (by zymography), including high levels of
membrane type 1 MMPs (11).

Thus, among nine human breast tumor cells examined, only
Id-1-expressing cells also expressed the 120-kDa gelatinase,
and all Id-1-negative cells failed to express the 120-kDa gela-
tinase. Moreover, the Id-1- and 120-kDa gelatinase-expressing
cells were all invasive in culture and in vivo.

DISCUSSION
The mammary gland is one of the few organs that undergo

striking morphological and functional changes during adult
life, particularly during pregnancy, lactation, and involution. In
both humans and mice, fetal, virgin adult, and pregnant mam-
mary glands undergo extensive temporal and spatial remodel-
ing, which entails invasion, migration, and relocation of cells to
generate the ductal and alveolar structures of the gland. Once
lactation is terminated, there is additional and extensive tissue
remodeling as the gland returns to its resting state. In recent
years, progress has been made in elucidating the mechanisms
that regulate mammary gland-specific gene expression and the
transformation of mammary epithelial cells to malignancy (3,
39). However, much less is known about the mechanisms, par-
ticularly the transcriptional mechanisms, that regulate the de-
velopment and remodeling of the normal mammary gland.

SCp2 cells as a model for normal mammary epithelial cells.
SCp2 is an immortal murine cell line that nonetheless ex-
presses many characteristics of epithelial cells in the pregnant
and lactating mammary gland. SCp2 cells proliferate in mono-

FIG. 9. Id-1 expression in nine human breast cancer cell lines. Cells were
cultured in serum-free medium for 2 days before RNA was extracted and sub-
jected to Northern blotting. The blots were then hybridized with a human Id-1
cDNA probe. Hybridization to the 28S rRNA is also indicated.

FIG. 10. Expression of a 120-kDa gelatinase in Id-1-positive cells. Serum-
free conditioned media from SCp2–Id-1 transfected cells (lane C [control]) and
nine human breast cancer cell lines (lanes 1 to 9) were analyzed by gelatin
zymography.
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layer culture in response to serum growth factors but arrest
growth, form alveolar structures, and express milk proteins in
response to lactogenic hormones and basement membrane
components. Arrested growth is necessary, but not sufficient,
for differentiation. The differentiation of SCp2 cells in culture
is remarkably similar to the differentiation of mammary epi-
thelial cells in vivo (8). Here, we extend this similarity to ex-
pression of a 120-kDa MMP that appears to be controlled by
Id-1, a negative regulator of bHLH transcription factors (4).

Id-1 as a negative regulator of mammary epithelial-cell dif-
ferentiation. During proliferation, but not during arrested
growth or differentiation, SCp2 cells express Id-1. The expres-
sion of Id-1 and that of the milk protein b-casein are inversely
correlated in cultured SCp2 cells (9), as well as in the mam-
mary gland in virgin, pregnant, and lactating mice (9a). Indeed,
Id-1 is a negative regulator of the functional differentiation
of SCp2 cells. When constitutively expressed, Id-1 prevents
the strong cell-cell contacts typical of differentiated cells and
blocks milk protein expression. Although the precise mecha-
nism by which Id-1 inhibits differentiation is not known, it is
clear that it does not act by preventing the growth arrest in-
duced by hormones and ECM (9).

Id-1 is presumed to repress differentiation by inhibiting one
or more bHLH transcription factors. By analogy with the role
of bHLH proteins in the differentiation of muscle, neuronal,
and lymphoid cells (24, 40, 47), bHLH transcription factors
may be required for differentiation-specific gene expression in
the mammary gland. However, our results suggest an addi-
tional role for bHLH proteins in the mammary gland: repres-
sion of a 120-kDa MMP, whose activity permits the epithelial
cells to migrate and invade the ECM.

An Id-1-regulated gelatinase expressed by mammary epithe-
lial cells. Id-1 expression, whether originating from the endog-
enous gene or a transgene, correlated strongly with the expres-
sion of a 120-kDa gelatinase having the characteristics of an
MMP. This protease appeared to be the only metalloprotein-
ase expressed by SCp2 mammary epithelial cells. The well-
characterized MMPs stromelysin and gelatinases A and B (72-
and 92-kDa type IV collagenases) were not expressed by SCp2
cells. By contrast, gelatinases A and B were expressed by SCg6,
a stroma-like cell line derived from the same culture from
which SCp2 cells were cloned (8). SCg6 cells also express
stromelysin-1 (28). These findings suggest that the expression
of stromelysin and gelatinases A and B during involution of the
mammary gland may derive from the nonepithelial cells in the
tissue (29).

The epithelial cells of the mammary gland, on the other
hand, may express the 120-kDa MMP. Talhouk et al. (41) de-
scribed a gelatinase with an apparent molecular size exceeding
110 kDa that was expressed during the early stages of involu-
tion. We found that Id-1 mRNA was not expressed during
lactation, when the 120-kDa gelatinase is undetectable, but was
expressed early in involution (days 1 and 2). We suggest that
this gelatinase may be the 120-kDa MMP identified in Id-1-
expressing SCp2 cells. Thus, there is a correlation between Id-1
expression and secretion of a 120-kDa gelatinase in vivo, as
well as in cultured cells.

The Id-1-regulated gelatinase is critical for epithelial-cell
invasiveness. SCp2 cells arrest growth when in contact with
basement membrane ECM. Under these conditions, Id-1 is not
expressed, the cells maintain strong contacts, and they do not
invade the surrounding ECM (9). Constitutive Id-1 expression
did not prevent the growth arrest but conferred an invasive
phenotype on the cells. Only after Id-1-expressing SCp2 cells
had invaded the ECM did they resume proliferation. Thus,
Id-1 appeared to be a regulator of the invasive phenotype ra-

ther than a stimulator of cell proliferation per se. This invasive
phenotype, in turn, appeared to depend primarily on the 120-
kDa gelatinase (MMP). This MMP was the only detectable tar-
get of GM6001, a nontoxic MMP inhibitor (12), and GM6001
effectively inhibited the invasive phenotype of Id-1-expressing
cells. Thus, Id-1 and its related 120-kDa MMP were key reg-
ulators of the invasive phenotype of SCp2 cells. During invo-
lution, the Id-1-associated MMP may participate in remodeling
the gland in vivo. We suggest that Id-1 and its related MMP
may be key regulators of the transient invasive phenotype
acquired by the epithelial cells during certain stages of normal
mammary-gland development and remodeling.

Id-1 and the 120-kDa gelatinase in tumor cell invasion. The
invasive phenotype induced by Id-1 was not the result of ma-
lignant transformation. Id-1-expressing SCp2 cells did not grow in
an anchorage-independent manner and did not form detect-
able tumors in nude mice. Thus, Id-1 differs from oncogenes
such as v-Ha-ras, which converts mouse mammary epithelial
cells into invasive but also tumorigenic cells (13). Furthermore,
Id-1 did not induce an invasive phenotype by converting cells
to a stromal or mesenchymal phenotype. Id-1-expressing SCp2
cells maintained their epithelial characteristics, such as keratin
expression, and did not express stromal MMPs. Thus, the ac-
tion of Id-1 differs from that of genes of the ets family. c-Ets,
a transcription factor expressed by stromal fibroblasts, pro-
motes epithelial tumor cell invasion (48) by inducing stromal
MMPs such as stromelysin-1. E1AF, a new member of the ets
family, induces an invasive and migratory phenotype in human
MCF-7 breast cancer cells (19), presumably by inducing gela-
tinase B as well as stromelysin-1.

Although the Id-1-induced invasive phenotype was not a
consequence of malignant transformation, our results with hu-
man breast cancer cells suggest that constitutive Id-1 expres-
sion, and its associated 120-kDa gelatinase, may play a role in
the invasive phenotype of at least some aggressive human
breast tumors. We hypothesize that Id-1 and the 120-kDa
gelatinase may constitute a thus far unrecognized pathway for
tumor cell invasion. A very recent report (32) suggests that the
Id-1–120-kDa gelatinase pathway we describe here may be of
substantial clinical importance. In that report, a gelatinase of
approximately the same size as the one described here was
detected in urine from metastatic breast cancer patients but
not in urine specimens from patients with other types of can-
cer. The authors acknowledge that the identity of this gelati-
nase is as yet unknown but suggest that it might serve as a
predictor of metastatic breast cancer. By contrast, the 72- and
92-kDa gelatinases detected in urine were suggested to serve as
predictors of organ-confined cancers. These suggestions are
consistent with our results showing that the 72- and/or 92-kDa
gelatinase is expressed by differentiated and noninvasive hu-
man breast cancer cells, whereas the 120-kDa gelatinase is
expressed only in invasive breast cancer cells.

In conclusion, we propose that Id-1 regulates the invasive
phenotype of breast epithelial cells, in part through the activity
of a 120-kDa gelatinase, during normal mammary-gland devel-
opment and remodeling. Although this phenotype is not nec-
essarily linked to tumorigenesis, it may well be reactivated
during progression toward malignancy in some breast cancers,
for example, during the transition from an in situ to an invasive
carcinoma. We do not yet know whether Id-1 induces the
120-kDa gelatinase by directly inactivating a bHLH repressor
of the gene or whether it acts indirectly by altering the expres-
sion of other genes. We are currently attempting to clone the
120-kDa gelatinase in order to answer these questions.
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